Ultrahigh molecular weight polyethylene (UHMWPE) and high-density polyethylene (HDPE) blend fibers with the highest tensile strength of 1.13 GPa were prepared by a melt spinning process. The crystal structure and mechanical behavior of the as-spun filaments and fibers were studied by differential scanning calorimetry (DSC), scanning electron microscopy (SEM), atomic force microscope (AFM), X-ray diffraction (XRD), sound velocity orientation test and tensile strength test. The results suggested that the degree of molecular chain orientation, crystallinity and mechanical properties of the blend fibers were improved by blending with the low melt flow index (MFI) HDPE. The crystal grains of low MFI HDPE blend fibers that were formed by more highly oriented molecular chains could be stretched more effectively in the drawing direction, and the improved mechanical properties were due to the more regular and compact crystal structure.
INTRODUCTION
Ultrahigh molecular weight polyethylene (UHMWPE) fibers, aramid fibers and carbon fibers are the three major high-performance fibers in use worldwide. Because of the advantages of low density and high tensile strength, UHMWPE fibers have been widely used in medical, aerospace, sports, transportation, military, engineering and other fields. Since the early 1970s, various methods have been investigated for the manufacture of UHMWPE fibers, and the gel spinning method has been widely used in the production of high-strength and high-modulus industrial UHMWPE fibers. Currently, the tensile strength of UHMWPE fibers prepared by the gel spinning method can reach more than 4 GPa [1, 2] . The excellent tensile strength and Young's modulus of gel spinning fibers are due to its internal regular shish-kebab structure [3] [4] [5] . However, the gel spinning method requires an organic solvent to dissolve the UHMWPE raw material to form a solution. After spinning, the solvent in the as-spun filaments must be extracted and recovered. Thus, the gel spinning method has problems such as a high cost, environmental pollution and low production efficiency. The melt spinning method was invented before the gel spinning method and shows the advantages of high efficiency, low cost and no pollution, leading to its wide use in the industrial production of polyester (PET) fibers [6] [7] [8] [9] [10] , polypropylene (PP) fibers [11] [12] [13] and other fibers. However, the raw materials used in the melt spinning process have a low viscosity, and their molecular weights are low, thus making it difficult to carry out the subsequent drawing process [14, 15] . Therefore, fibers prepared by melt spinning are far less strong than are fibers prepared by gel spinning. In addition, fibers prepared by melt spinning exhibit a low degree of molecular chain extension and contain various defects [16, 17] . Since the molecular weight of UHMWPE is extremely high, if UHMWPE is used for melt spinning, a high ratio drawing process can be performed to obtain high-strength fibers. However, the extremely long molecular chains of UHMWPE are entangled together, resulting in a melt fracture phenomenon in the spinning process, and the defects on the surface significantly limit the improvement of the mechanical properties of the fibers. Therefore, UHMWPE raw materials must be flow-modified to meet the processing requirements of melt spinning.
Currently, there are two main methods for modifying UHMWPE used in melt spinning, one of which is the addition of nano-inorganic materials. The two commonly used nano-materials are nano-montmorillonite and titanium dioxide (TiO 2 ). The addition of nano-montmorillonite can decrease the entanglements and promote the extension of the http://www.jeffjournal.org Volume 13, Issue 3 -2018 molecular chains of the UHMWPE fibers [18] [19] [20] . TiO 2 in the melt can embed in the wall of the capillary, thereby avoiding wall slip such that the spinning runs smoothly [21] . The second method is the blending of UHMWPE with low molecular weight polymers, including low-density polyethylene (LDPE) [22] , linear low-density polyethylene (LLDPE) [23] and polyolefin [24] . In the work reported here, the blending materials were high-density polyethylene (HDPE) with different MFI values. Previous works have shown that the flowability and crystal structure of the UHMWPE used for melt processing are significantly improved with HDPE blending [25] [26] [27] [28] [29] . With sufficient melting time, the chain diffusion between HDPE and UHMWPE could be obviously improved [25] . The compatibility of the two phases increased and cocrystallization occurred between HDPE and UHMWPE [26, 27] . In the blends of UHMWPE and HDPE, the UHMWPE component crystallized first, and the crystallite of UHMWPE acts as the nucleating agent for HDPE, inducing the crystallization of HDPE at higher temperatures [28] . Moreover, the crystallite size increased with increasing UHMWPE content in the HDPE/UHMWPE blend matrix [29] . In this work, HDPE with different MFI values and UHMWPE were blended to prepare UHMWPE/HDPE blend fibers by using the melt spinning method. The mechanical properties of the fibers are attributed to the factors such as crystallinity, crystal structure, molecular chain orientation and tensile defects, and these factors are influenced by the spinning and hot drawing process. The effect of the HDPE with different MFI values on the structure of the UHMWPE/HDPE blend in other processing methods was studied previously. For example, in the injection molding process, the degree of molecular chain orientation of a UHMWPE/HDPE blend with low MFI HDPE was higher than that of blends with high MFI HDPE [30] . However, there have been no studies on the effect that HDPE MFI has on the mechanical properties and crystal structure of UHMWPE/HDPE blend fibers. Therefore, the aim of this work was to prepare UHMWPE/HDPE blend fibers with certain mechanical properties by melt spinning and to study the mechanical properties and microstructure of the blend fibers by differential scanning calorimetry (DSC), scanning electron microscopy (SEM), atomic force microscope (AFM), sound velocity orientation test, X-ray diffraction (XRD) and tensile strength test. The effects that HDPE with different MFI values has on the degree of orientation, crystallinity, mechanical properties and crystal structure are discussed.
MATERIALS AND METHODS

Materials
UHMWPE resin (GUR4012, Celanese Corporation, Nanjing, China) used in this study is associated with a weight-average molecular weight (Mw) of 1.5 × 10 
Preparation of UHMWPE/HDPE Blend Fibers
Three kinds of HDPE and UHMWPE were mixed in a high-speed mixer at room temperature with the rotational speed of 1440 rpm, respectively. The relevant parameters are listed in Table I . The mixed materials were granulated using a co-rotating twin-screw extruder with a diameter of 20 mm and an aspect ratio (L/D) of 45. The screw speed was 200 r/min, and the temperatures of the five zones were 160-300°C. The melt was extruded using a homemade special single-screw extruder, and the temperature of the extruder was set between 160°C and 310°C. The diameter of the monofilament spinneret hole was 0.6 mm. As-spun filaments were collected by a winder. The initial drawing ratio was 9, and the diameter of the as-spun filaments was ~0.2 mm. The U and H3 samples are the reference samples. The obtained as-spun filaments were hot drawn at 80°C to obtain fibers with certain mechanical properties. The hot drawing ratio was 15, and the fiber diameter was ~0.052 mm.
CHARACTERIZATION
DSC Measurements
DSC experiments were performed using a differential scanning calorimeter (DSC2, Mettler Toledo, Greifensee, Switzerland). The typical sample weights were ~5 mg. A heating rate of 10°C/min and a temperature range from 25°C to 250°C were selected. The specimens were always tested in a nitrogen environment. The crystallinity of the samples can be obtained using Eq. (1):
where c is the degree of crystallinity evaluated by the DSC method, ∆ m is the melting enthalpy of the sample, ∆ m 0 is the melting enthalpy of a 100% crystalline sample, and both are taken as 290 J/g for UHMWPE and HDPE, as reported in the literature [31, 32] .
Wide-angle X-ray Diffraction (WAXD) Measurements WAXD experiments of the (110), (200) and (020) planes were carried out using an X-ray diffractometer (Bruker AXS D8 Advance diffractometer, Cu Kα radiation, λ Kαl =1.542 Å, scanning from 5° to 50° in 2θ at the scanning speed of 10°/min). Wide-angle X-ray diffraction experiments of the (002) plane were carried out using an X-ray diffractometer (XRD, EMPYREAN, PANalytical Co., Almelo, The Netherlands, Cu Kα radiation, scanning from 70° to 78° in 2θ at a scanning speed of 0.013•/step). 2θ was fixed on the scanning curve maxima (21.4°). Azimuth angle scanning was carried out in the range from -90° to 90° at a rate of 0.1°/min. The 2θ angle was calibrated according to the diffraction position of standard Si powder.
The grain size (L hkl ) in the direction perpendicular to the set of lattice planes was calculated using the Scherrer equation (2):
where λ is the X-ray wavelength, θ is the Bragg angle and H is the half high width of the diffraction peak (radians). The degree of orientation in the crystallinity phases of fibers can be obtained using Eq. (3) and Eq. (4):
where f c is degree of orientation of the crystalline phase, and takes the values of 0, 1 and -1/2 with no orientation, perfect orientation and perfect normal orientation in the drawing direction, respectively. I hkl versus φ data can be obtained by the azimuthal scanning. I hkl is the intensity of a specific plane, and φ is the azimuthal angle.
Sound Velocity Orientation Test
The sound velocity orientation test was performed using a SCY-III type of sound velocity orientation instrument (Donghua University, Shanghai, China), and the sound velocity value was calculated by using the double length method. The sound velocity orientation factor of the samples can be obtained using Eq. (5):
where C is the sound velocity of the samples and C m is the sound velocity of the fiber with random orientation of polyethylene and is taken as 1.65 km/s [33] .
Tensile Measurements
The mechanical properties of the fibers were evaluated using a YG001A-1 fiber electronic strength tester (Hongda Fangyuan Electric Co., Ltd., Taicang, China). The length of the fiber samples was set as 20 mm, and the extension rate was 10 mm/min. At least 5 tests were averaged for each sample.
SEM Measurements
The morphology of as-spun filaments and fibers was studied by using a S4700 scanning electron microscope (SEM, Hitachi Ltd., Tokyo, Japan) with an acceleration voltage of 20 kV.
AFM Measurements
The surface roughness and morphologies for the as-spun filaments and fibers were characterized by a DMFASTSCAN2-SYS atomic force microscopy (AFM, Bruker, Santa Barbara, CA). AFM images of the as-spun filament samples were obtained with a scan area of 5 × 5 μm 2 and of the fiber samples were obtained with a scan area of 2 × 2 μm 2 . Surface roughness of the samples was calculated from Eq. (6) and Eq. (7) by the instrument software:
where Rq is the root mean square (RMS) roughness, Ra is the arithmetic mean roughness, N is the number of data points in the images, i and j are the pixel locations on the AFM images, Z ij is the height value at i and j locations, Z av is the average height value within the given area, and Z cp is the height value form the center plane. Figure 1 presents the results of the sound velocity orientation test. The sound velocity is independent of crystallinity. Therefore, the values of f s reflect the orientation degree of the molecular chains of the samples. As shown in Figure 1 , the sound velocity and f s of H3 as-spun filament samples were 2.83 km/s and 66.01, respectively, and were the highest among the five groups. Among the three as-spun blend filament samples, as the MFI of HDPE decreased, the sound velocity and f s of as-spun filament samples decreased gradually. The sound velocity and f s of U as-spun filament samples were 1.98 km/s and 30.56, respectively, and were lower than those of the three as-spun blend filament groups. The molecular chain orientation of the as-spun filaments occurs mainly in the melt state during the spinning process, in which the motion units are the whole molecular chains. Therefore, the motion form of the molecular chains is the slippage of the whole molecular chain, and the orienting motion of the chain segments along the spinning direction is not obvious. Without the extremely long molecular chains of the UHMWPE, the relatively short molecular chains of the H3 as-spun filaments can slip easily. HDPE with higher MFI can lubricate the extremely long molecular chains of UHMWPE more effectively, and the whole molecular chains are aligned more regularly in the spinning direction. Therefore, the sound velocity and f s of U/H1 are higher than those of other three as-spun blend filament samples. The results of the sound velocity tests of the fiber samples are presented in Figure 2 . The sound velocity and f s of the five fiber groups were significantly increased after the hot drawing process. The fibers are in the high elastic state during the hot drawing process, and the motion units in the fibers are the chain segments. Therefore, the whole molecular chain of both HDPE and UHWMPE are fixed, whereas the chain segments can be stretched in the hot drawing direction, leading to a significant improvement in the orientation degree of the molecular chains after the hot drawing process. The sound velocity and f s of U/H1 fiber samples were 8.10 km/s and 95.85, respectively, and were the lowest among the five fiber samples. The lowest sound velocity and f s values of the U/H1 fiber samples indicate that the molecular chains of the higher MFI HDPE cannot improve the molecular http://www.jeffjournal.org Volume 13, Issue 3 -2018 chain orientation degree of the blend fibers, most likely because the molecular chains slipping occurred during the hot drawing process. Although the orientation degree of the U/H3 as-spun filaments was lower than that of U/H1 as-spun filaments in Figure 1 , the U/H3 blend fiber samples had the highest sound velocity and f s values of 9.12 km/s and 96.73, respectively. The highest molecular chain orientation of the U/H3 blend fibers indicates that blending with the low MFI HPDE is beneficial for the molecular chains orienting in the drawing direction effectively and that the slippage motion hardly occurs. 
RESULTS AND DISCUSSION Sound Velocity Orientation Studies
SEM and AFM Studies
SEM and AFM images of as-spun filament samples are presented in Figure 3 . As shown in Figure 3(a) , (c), (e), (g) and (i), the surface structure of U as-spun filament samples were not regular, and the degree of orientation along the spinning direction was low. The texture on the surface of the H3 as-spun filament samples was the slightest. The surfaces of the three as-spun blend filament samples were smoother and showed a higher degree of orientation than the U as-spun filament samples. The AFM images of the as-spun filament samples show that many spots, cone-like structures, small islets, notches, and large area of protuberances were presented on the as-spun filament surface, which correlated well with the SEM observations. The surface roughness of the as-spun filament samples can be characterized by arithmetic mean roughness Ra and RMS roughness Rq as shown in Table II . The Ra and Rq for the H3 as-spun filament samples were 30.5 nm and 40.9 nm, respectively, and both of them were the lowest among the five as-spun filament samples. The Ra and Rq for the U as-spun filament samples were 65.7 nm and 86.1 nm, respectively, and both of them were the highest among the five as-spun filament samples. The Ra and Rq for the three blend as-spun filament samples were lower than those for the U as-spun filament samples, and the U/H1 as-spun blend filament samples had the lowest Ra and Rq. The results indicate that blending with HDPE can improve the surface quality of the as-spun filaments, that is, HDPE improves the processing performance of UHMWPE for melt spinning, and during the spinning process, the effect of higher MFI HDPE on the surface quality of as-spun filaments is better than that of the low MFI HDPE. http://www.jeffjournal.org Volume 13, Issue 3 -2018 The SEM and AFM images of five fiber samples are presented in Figure 4 . As shown in Figure 4(a), (c) , (e), (g) and (i), after the hot drawing process, the surface structures of the fibers were much more regular than were those of the as-spun filaments. The texture structure along the axial direction appeared on the fiber surface. As shown in Figure 4 
(b), (d), (f), (h)
and (j), the spots, cone-like structures, small islets, notches, and protuberances on the fiber surface were reduced after the hot drawing process. The Ra and Rq of the fiber samples are presented in Table III . As shown in Table III , the Ra and Rq for the H3 fiber samples were 13.9 nm and 16.7 nm, respectively, which were the lowest among the five fiber samples. The Ra and Rq for the three blend fiber samples were all lower than those for the U fiber samples. Among the three blend fiber samples, the Ra and Rq for the U/H1 blend fiber samples were the lowest. Compared with the Ra and Rq of the three as-spun blend filament samples in Table II , the differences among the three blend fiber samples decreased. The results show that although the low MFI HDPE is not as effective as the high MFI HDPE for improving the surface quality of the as-spun filaments during the spinning process, the low MFI HDPE can basically play the same role in improving the surface quality of the blend fibers during the hot drawing process. 
DSC Analysis
DSC curves of the as-spun filament samples are presented in Figure 5 . As shown in Figure 5(a) , during the first heating process, the peak melting temperatures of U/H1, U/H2, U/H3, U and H3 as-spun filament samples were 132.40°C, 131.58°C, 131.12°C, 132.43°C, and 130.94°C, respectively. The peak melting temperatures of the three as-spun blend filament samples were lower than those of the U as-spun filament samples and higher than those of the H3 as-spun filament samples. Figure 6 presents the crystallinity data for the as-spun filament samples. As shown in Figure 6 , the crystallinities of U/H1, U/H2, U/H3, U and H3 as-spun filament samples were 51.66%, 53.93%, 56.11%, 52.80% and 50.20%, respectively. The crystallinity of the H3 as-spun filament samples was the lowest, and that of the U/H3 as-spun blend filament samples was the highest. In the cooling down process of the UHMWPE and HDPE blend melts, cocrystallization occurred. The crystallinity of the U/H3 as-spun blend filament samples was the highest among the three as-spun blend filament samples, indicating that HDPE with a lower MFI can improve the cocrystallization of the UHMWPE/HDPE as-spun blend filaments. 5(b) presents the DSC curves of the five as-spun filament samples during the second heating process. The DSC parameters of the second heating process reflect the properties of the as-spun filaments after the thermal history was eliminated. As shown in Figure 5(b) , during the second heating process, the peak melting temperatures of the U/H1, U/H2, U/H3, U and H3 as-spun filament samples were 133.45°C, 133.44°C, 133.46°C, 134.16°C, and 132.97°C, respectively. As shown in Figure 6 , the crystallinities of the U/H1, U/H2, U/H3, U and H3 as-spun filament samples are 55.81%, 55.65%, 55.48%, 59.62% and 54.96%, respectively. The peak melting temperatures and crystallinities of the three as-spun blend filament samples were basically the same; they were slightly lower than those of the U as-spun filament samples and slightly higher than those of H3 as-spun filament samples. The results show that the effect of HDPE on the crystallinity and peak melting temperature of the as-spun filaments depends on the spinning process. When the effect of the spinning process was eliminated, the difference in the microstructures of the as-spun filaments also disappeared. Figure 7 shows the DSC curves of the fiber samples. Figure 7 (a) presents the first heating curves of the five fiber samples. As shown in Figure 7(a) , the endothermic peaks of the first heating curves of the four fiber samples were shifted to the right after the hot drawing process. The peak melting temperatures of U/H1, U/H2, U/H3, U and H3 fiber samples at the first heating process were 136.42°C, 136.15°C, 135.84°C, 137.07°C, and 135.39°C, respectively. As http://www.jeffjournal.org Volume 13, Issue 3 -2018 shown in Figure 7(a) , a shoulder appeared on the left side of the endothermic peak of the five curves. The appearance of the shoulder was due to the extended molecular chains formed during the hot drawing process. The crystallinities of the five fiber groups are presented in Figure 8 . The crystallinity of the fibers increased significantly after the hot drawing process. The increased crystallinity of the fibers was a result of the alignment of the oriented molecular chains in the amorphous phase. The crystallinity of the H3 fiber samples was 55.32%, which was the lowest among the five fiber groups. Among the three blend fiber samples, only the U/H3 blend fibers showed a higher crystallinity (64.14%) than the U fibers (62.83%). As shown in Figure 2 , U/H3 can improve the orientation of the molecular chains more effectively than can U/H1 and U/H2. More entangled molecular chains in the amorphous state of the U/H3 fibers are stretched in the drawing direction, and more crystalline regions are formed by these extended molecular chains. Therefore, blending with HDPE3 can improve the crystallinity of the blend fibers more effectively. Figure 7 (b) presents the second heating curves of the five fiber samples. As shown in Figure 7(b) , the shoulder disappeared. The peak melting temperatures of U/H1, U/H2, U/H3, U and H3 fiber samples were 132.61°C, 132.71°C, 132.93°C, 133.84°C and 132.40°C, respectively. The peak melting temperature and crystallinity of the five fiber groups in the second heating process were basically the same, indicating that the effect of HDPE with different MFI on the crystallization of the blend fibers is based on the hot drawing process, and the heating process will destroy the microstructure of the fibers formed during the hot drawing process. Figure 9 presents the WAXD patterns of the as-spun filament samples. As shown in Figure 9 , all curves contained three typical characteristic diffraction peaks of (110), (200) and (020) planes at approximately 2θ= 21°, 24° and 36°, respectively. The (002) plane was found at approximately 75°. The melt spun UHMWPE/HDPE as-spun blend filaments have an orthorhombic crystal structure, in which the sizes of (110), (200), (020) and (002) planes are presented in Table IV . Figure 10 As shown in Table IV , the grain size of the as-spun filament samples in the normal direction of the (002) plane was slightly higher than those of the (200) and (020) Figure 11 shows the crystal orientation (f c ) of the as-spun filament samples. As shown in Figure 11 , H3 as-spun blend filament samples had the highest f c value of 0.80, and U as-spun filament samples had the lowest f c value of 0.65. This result indicates that the crystal structure formed by the slipping HDPE molecular chains is likely to align in the drawing direction. Among the three as-spun blend filament samples, U/H1 as-spun blend filament samples had the highest f c value of 0.78, indicating that a higher MFI leads to a greater orientation effect. Figure 12 presents the WAXD patterns of the fiber samples. As shown in Figure 12 , the WAXD curves of the fiber samples changed after the hot drawing process, but the diffraction peaks of (110), (200) and (020) planes were still observed. A comparison of the data presented in Table IV and Table V shows 200 and L 020 of U/H3 blend fibers were all lower than those of the U/H1 fibers, and L 002 of the U/H3 blend fibers was higher than that of the U/H1 blend fibers, indicating that grains of the U/H3 blend fibers are thinner than those of the U/H1 blend fibers in the drawing direction. As shown in Figure 2 , the molecular chains of the U/H3 blend fibers can be stretched more effectively than can those of the U/H1 blend fibers in the hot drawing direction; thus, the crystals of the U/H3 blend fibers were more likely to be formed in the axial direction. Meanwhile, the grains of the U/H1 fibers can slip easily during the hot drawing process, whereas the grains of the U/H3 fibers can be stretched effectively into a thinner shape. Figure 13 shows the f c values of the fiber samples. As shown in Figure 13 , U/H3 blend fiber samples had the highest f c value of 0.98, and U/H1 blend fiber samples had the lowest f c value of 0.91. The f c values of U/H1 and U/H2 blend fiber samples were lower than those of the U fiber samples. The variation trend of the crystalline orientation is the same as that of molecular chains orientation, indicating that the crystal structure is formed by the stretched molecular chains oriented in the drawing direction. The thinner grains of the U/H3 blend fibers can be compacted more closely and can easily align in the drawing direction, so the U/H3 blend fiber samples had the highest f c value. Figure 14 presents the tensile strength and initial modulus of the five fiber groups. As shown in Figure  14 (a), the tensile strength and initial modulus of the U/H3 blend fiber samples were 1130 MPa and 20.5 GPa, respectively, and were the highest among the five fiber groups. The tensile strength and initial modulus of the U/H1 and U/H2 blend fibers were lower than those of the U fibers. The tensile strength and initial modulus of the H3 fiber samples were 624 MPa and 8.58 GPa, respectively, and were lower than those of the other four groups. The elongation at break of the U/H3 fiber samples was 12%, which was the lowest among the five fiber groups. The mechanical properties of the fibers are due to the microstructure formed during the spinning and hot drawing process, with the latter playing an especially important role. In the hot drawing process, molecular chains are stretched in the axial direction, and more crystalline regions are formed by these extended molecular chains. Thinner grains formed by extended molecular chains can be aligned more regularly in the axial direction and compacted more closely in the radial direction to enhance the van der Waals force between the macromolecular chains, thereby preventing slippage between the molecular chains [18] . As shown in Figure 2 and Table V, the crystal structure of the U/H3 blend fibers was formed by more oriented molecular chains and thinner grains. Therefore, the mechanical properties of the U/H3 blend fibers were the best. modulus of the H3 fibers were 1130 MPa and 20.50 GPa, respectively, and were the highest among the five fiber groups. The elongation at break of the U/H3 blend fiber samples was 12%, which was the lowest among the five fiber groups. Blending with HDPE3 could result in a higher degree of molecular chain orientation, an increase in the crystallinity, and a thinner crystal grain structure of the blend fibers. Therefore, the mechanical properties of the U/H3 blend fibers were improved the most.
WAXD Analysis
Tensile Test
